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ABSTRACT 

A bes t  c u r r e n t  model of t h e  main geomagnetic f i e l d  i s  presented  

a s  a response  t o  a need f o r  an " I n t e r n a t i o n a l  Geomagnetic Reference 

F i e l d " .  This  model i s  descr ibed  by a s e r i e s  of 120 s p h e r i c a l  harmonic 

c o e f f i c i e n t s  and t h e i r  f i r s t  and second t i m e  d e r i v a t i v e s  from an epoch 

1960.0. It w a s  der ived  from a sample of a l l  magnetic survey d a t a  

a v a i l a b l e  from t h e  i n t e r v a l  1900-1964 p l u s  a r e c e n t  global d i s t r i b u t i o n  

of p re l imina ry  t o t a l  f i e l d  observa t ions  from t h e  OGO-2 (1965-81A) space-  

c r a f t  f o r  epoch 1965.8. A d u p l i c a t e  d a t a  s e l e c t i o n  w a s  made and t h e  

r e s u l t i n g  f i e l d  model compared with t h e  f i r s t  t o  h e l p  e v a l u a t e  t h e  

minimum e r r o r .  It was noted t h a t  t h e  root-mean-square d i f f e r e n c e  

between t h e  two models was about 30y i n  t h e  f o r c e  components, 0.04 

degrees  i n  d i p  and 0.3 degrees  i n  d e c l i n a t i o n  a t  t h e  e a r t h ' s  s u r f a c e  

f o r  1965.0. 



I. I n t r  oduct i o n  

There have been i n c r e a s i n g  r e q u e s t s  by s c i e n t i s t s  working i n  

such d i v e r s e  f i e l d s  as c r u s t a l  geology and magnetospheric p a r t i c l e  

phys ics  f o r  one "s tandard" r e fe rence  geomagnetic f i e l d  d e s c r i p t i o n .  

The c r u s t a l  geophys ic i s t  needs a f i e l d  d e s c r i p t i o n  adequate  t o  

r e f e r e n c e  h i s  measurements of su r face  f i e l d ,  u s u a l l y  a b s o l u t e  f o r c e ,  

s o  t h a t  t h e  background or  "main" f i e l d  can  be simply eva lua ted  and 

s u b t r a c t e d  from h i s  d a t a .  Some s t u d i e s  a r e  aimed a t  i n v e s t i g a t i n g  

on ly  t h e  very l o c a l  c r u s t a l  s t r u c t u r e  whereas o t h e r s  wish t o  have a 

r e ference $13 f f ic i ent l y smooth t h a t  1 onger s ca 1 e " reg iona l"  anoma 1 i e s  

c a n  be seen. The accuracy requirements  a r e  g e n e r a l l y  not g r e a t  and 

can  be e a s i l y  s a t i s f i e d  i f  t h e  r e fe rence  i s  a c c u r a t e  t o  1 O O y .  

The p a r t i c l e  p h y s i c i s t ,  however, i s  only  t r i v i a l l y  i n t e r e s t e d  i n  

t h e  s u r f a c e  f i e l d  and i n s t e a d  wishes t o  know t h e  t o t a l  ambient vec to r  

f i e l d  t o  t h e  l i m i t s  of t h e  magnetosphere a s  a c c u r a t e l y  a s  i t  can be 

p r e d i c t e d  (Cain,  1966).  

Both t h e s e  and o the r  users no te  t h a t  t h e  s a l i e n t  f e a t u r e s  of a 

r e f e r e n c e  f i e l d  a r e  t h a t  i t  not be a l t e r e d  t o o  f r e q u e n t l y  and t h a t  i t  

b e  t h e  product of i n t e r n a t i o n a l  agreement.  

A t  a colloquium on t h e  World Magnetic Survey he ld  i n  October ,  

1966 a t  Herstmonceux, England, B .  R .  Leaton proposed t h a t  cons ide r -  

a t i o n s  f o r  an  " I n t e r n a t i o n a l  Geomagnetic Reference F i e l d  (IGRF')" be 

culminated f o r  adopt ion  a t  t h e  14th  General  Assembly of t h e  I n t e r -  

n a t i o n a l  Union of Geodesy and Geophysics t o  be he ld  i n  1967.  To 



-2-  

begin  implementation of t h i s  proposal  D r .  Leaton has  d i s t r i b u t e d  t o  

va r ious  committee members of t h e  Working Group on t h e  Analys is  of t h e  

Geomagnetic F i e l d  (Chairman, D r .  A .  Zmuda, under Commission 111 of 

t h e  I n t e r n a t i o n a l  Assoc ia t ion  of Geomagnetism and Aeronomy) and o the r  

i n t e r e s t e d  s c i e n t i s t s  a comparison of s e v e r a l  r e c e n t l y  publ i shed  f i e l d  

models and a first weighted average  approximation f o r  t h e  epoch 1965.01 

S ince  t h i s  d i s t r i b u t i o n ,  t h e r e  has  been l i v e l y  correspondence r e p r e -  

s e n t i n g  d i f f e r e n t  views on t h e  s o l u t i o n  t o  t h e  problem. S ince  t h e  ways 

of e v a l u a t i n g  t h e  f i e l d ,  accuracy ,  and o the r  requi rements  vary  wide ly  

accord ing  t o  the  u s e r ,  our proposal  t o  m e e t  t h e  many r e q u e s t s  i s  t o  s e e  

whether agreement can be reached on a f i e l d  model which most a c c u r a t e l y  

r e p r e s e n t s  the  a v a i l a b l e  d a t a .  Once t h i s  model i s  agreed  upon, it i s  a 

r e l a t i v e l y  s t r a igh t fo rward  ma t t e r  t o  c a s t  t h e  r e s u l t s  i n  a form s u i t a b l e  

t o  t h e  u s e r .  

To be inc lus ive  of t h e  most demanding accuracy  requi rements  i t  i s  

necessa ry  t o  take  i n t o  account some measure of s e c u l a r  change. While 

some u s e r s  w i l l  be  q u i t e  con ten t  t o  use one s imple model over even a 

decade,  o the r s  w i l l  f i n d  t h a t  such changes a s  5 t o  1Oy ( l y  = Gauss = 

1 nanoweber/m2) per  month i n  t o t a l  f i e l d  a t  t h e  s u r f a c e  must be accounted 

f o r  i n  t h e i r  a p p l i c a t i o n .  Also,  s i n c e  t h e  e a r t h ' s  r a d i u s  i s  some 20 km. 

g r e a t e r  a t  t he  equator  t h a n  a t  t h e  p o l e s ,  a c c u r a t e  r e p r e s e n t a t i o n s  cannot 

depend on approximating t h e  e a r t h  as  a sphere  (Kahle,  Kern, and Ves t ine ,  

1964, 1966) .  

Fo r tuna te ly ,  t h e  program t h a t  w e  have been pursu ing  over t h e  pas t  

few y e a r s  has  r equ i r ed  us  t o  a t tempt  t o  determine r e f e r e n c e  f i e l d  models 
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whose a b s o l u t e  e r r o r  i s  no more than a few gammas a t  low s a t e l l i t e  

a l t i t u d e s .  We need such accuracy t o  a l low us  t o  use  f i e l d  measure- 

ments by s a t e l l i t e s  t o  make s t u d i e s  of t h e  temporal  p e r t u r b a t i o n s  i n  

t h e  f i e l d  from sources  e x t e r n a l  t o  t h e  e a r t h  and a l s o  t o  s tudy  l a r g e  

s c a l e  c r u s t a l  f e a t u r e s  and s h o r t  per iod  changes i n  t h e  co re  f i e l d  

i t s e l f .  

Although we have not  y e t  achieved a model t h a t  i s  as a c c u r a t e  as 

t h a t  r e q u i r e d ,  s t eady  progress  has been made i n  t h i s  d i r e c t i o n  and we 

b e l i e v e  t h a t  t h e  model desc r ibed  h e r e i n  should be s u f f i c i e n t  f o r  most 

purposes  o the r  t h a n  our own. It is t h u s  p re sen ted  as a n  answer t o  a 

r e q u e s t  f o r  t h e  most a c c u r a t e  a v a i l a b l e  model known t o  us even though 

t h e  e r r o r s  i n  f u t u r e  de te rmina t ions  may very w e l l  be up t o  an o rde r  

of magnitude less.  As w i l l  be seen subsequent ly ,  t h e  r e a s o n  f o r  a 

h i g h e r  confidence a t  t h i s  t ime i s  t h e  i n c l u s i o n  of comprehensive, 

a l b e i t  p re l imina ry ,  d a t a  from t h e  OGO-2 s a t e l l i t e ,  and t h e  i n c l u s i o n  

of enough terms t o  g r e a t l y  improve t h e  e s t i m a t e s  of s e c u l a r  change 

over  t h o s e  i n  previous models. 
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11. Review of Pas t  Work 

The comparisons t h a t  have p r e v i o u s l y  been made between t h e  survey 

d a t a  taken  for r e c e n t  epochs and some of t h e  r e c e n t  f i e l d  models have 

shown a s teady improvement wi th  an i n c r e a s i n g  number of c o e f f i c i e n t s .  

Using t h e  s e t  of magnetic survey d a t a  a v a i l a b l e  over t h e  i n t e r v a l  1945- 

1965, Cain (1966) obta ined  t h e  fol lowing average r m s  d e v i a t i o n s  between 

t h e  d a t a  and a v a i l a b l e  models: 

F i e l d  Model rms (y) 

J & C (Jensen and Cain,  1962) 440 

GSFC(4/64) (Cain,  e t  a l . ,  1965) 270 

LME (Leaton. Malin. and Evans, 1965) 260 

GSFC(7/65) (Cain,  1966) 220 

S ince  t h e n ,  t h e  f i e l d  GSFC(9/65) was produced (Hendricks and Cain,  1966) 

a s  a n  equivalent  t o  GSFC(7/65) having about t h e  same agreement w i t h  t h e  

survey d a t a  but without  t h e  p o s s i b l y  f i c t i t i o u s  e x t e r n a l  terms.  

A previous comparison made by Cain e t  a l .  (1965) had shown t h a t  t h e  

match t o  recent  d a t a  by f i e l d s  o t h e r  t h a n  LME o r  t h e  GSFC(4/64) were 

c l e a r l y  worse and do no t  warrant  f u r t h e r  c o n s i d e r a t i o n .  

There has r e c e n t l y  been publ ished a USC&GS model (Hurwitz e t  a l . ,  

1966) which was used as t h e  b a s i s  f o r  t h e  1965 United S t a t e s  World 

Magnetic Charts a s  publ ished by t h e  U.S. Naval Oceanographic O f f i c e .  

Although t h i s  model could w e l l  be a good f i t  t o  t h e  f i e l d  components a t  

t h e  e a r t h ' s  s u r f a c e  f o r  1965.0, it cannot be  cons idered  a s  s u i t a b l e  a s  
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an IGRF s i n c e  t h e r e  i s  no p rov i s ion  f o r  e v a l u a t i o n  a t  o t h e r  e p o c h s , i t  

assumes t h e  s p h e r i c a l  e a r t h  approximation, and,  as noted by t h e  a u t h o r s ,  

i t  does not e x t r a p o l a t e  w e l l  t o  low s a t e l l i t e  a l t i t u d e s .  

I n  cons ide r ing  our recommendation f o r  an I G R F  from publ i shed  

m a t e r i a l  w e  would then  suggest  the  adopt ion  of t h e  GSFC(9/65) model 

were it not f o r  i t s  d e f i c i e n c i e s ,  some of which have been remedied i n  

t h e  p re sen t  work. The main problem of t h i s  o lde r  f i e l d  i s  t h a t  a l though 

t h e  number of c o e f f i c i e n t s  was r a i s e d  t o  99 (expansions of p o t e n t i a l  

f u n c t i o n  of degree n and o rde r  m of n i n e ) ,  computer speed and co re  

l i m i t a t i o n s  t h e n  only allowed de termina t ion  of t h e  l i n e a r  s e c u l a r  change 

of t h e  f i r s t  4 8 .  The h ighe r  order c o e f f i c i e n t s  w e r e  t h u s  on ly  t h e  mean 

va lues  over t h e  per iod  1945-1964 comprising t h e  d a t a  se t .  A l s o ,  t h e  d a t a  

f o r  t h i s  s h o r t  per iod  were s o  s p o t t y  t h a t  it was u n l i k e l y  t h a t  t h e  s e c u l a r  

change e s t i m a t e s  were more t h a n  gross  approximations.  It was not t h e n  

p o s s i b l e  t o  extend t h e  range  of the d a t a  used i n  t h e  f i t  t o  o b t a i n  a 

b e t t e r  s e c u l a r  change e s t ima te  s ince  t h e  number of parameters  would have 

had t o  be f u r t h e r  expanded t o  inc lude  p a r a b o l i c  terms i n  t ime.  

A major r e l i e f  t o  t h e s e  computer l i m i t a t i o n s  presented  i t s e l f  when 

w e  ob ta ined  access  t o  a new computer (Control  Data Corpora t ion  Model 6600) 

which appeared t o  have t h e  c o r e  s i z e  and speed t o  a t tempt  a f i t  t o  a 

s u f f i c i e n t l y  long s e t  of survey da ta  w i t h  enough parameters  t o  adequate ly  

r e p r e s e n t  t h e  f i e l d  i n c l u d i n g  its s e c u l a r  change. 
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111. Method of Analys is  

The b a r e  o u t l i n e  of t h e  weighted l e a s t  squares  technique  used t o  

f i t  t h e  survey d a t a  i s  given by Cain e t  a l .  (1965) .  This  o u t l i n e  p l u s  

a d e s c r i p t i o n  of some of t h e  d e t a i l e d  e q u a t i o n s  appears  i n  t h e  appendix 

of t h i s  paper .  

The technique used has  t h e  r e s u l t  of minimizing t h e  sum 

d a t a  

where t h e  C, i s  an observed component of t h e  f i e l d ,  Cc i s  t h e  computed 

va lue ,  and wi a weight ing  f a c t o r .  

D ,  and I where t h e  f i r s t  t h r e e  f o r c e  components a r e  measured i n  gammas 

The observed components a r e  Z ,  H,  F ,  

and t h e  l a s t  two i n  degrees .  I n  order  t o  make t h e  D and I measures 

commensurate wi th  t h e  f o r c e  components, the (C, - Cc) va lues  were m u l t i -  

p l i e d  by computed va lues  of H and F r e s p e c t i v e l y .  The q u a n t i t i e s  

minimized were t h u s  A Z ,  AH, E’, HAD, and FAI, each weighted by wi. 

S t a t i s t i c a l  t h e o r y  t e l l s  u s  t h a t  i n  o r d e r  t o  o b t a i n  t h e  minimum 

value  of y,”, t h e  wi should be i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  average of 

t h e  (C, - C,)’. 

t h e  minimum var iance  e s t i m a t e s  a r e  obta ined  by weight ing  i n v e r s e l y  a s  t h e  

square  of t h e  average e r r o r .  I n  such experiments  it i s  common t o  d i s c a r d  

d i s t u r b e d  data  s o  t h a t  on ly  t h e  accuracy of t h e  measurement i t s e l f  need 

be considered.  I n  t h e  paper by Cain e t  a l .  (1965) ,  t h e  weights  a p p l i e d  

were chosen on t h e  b a s i s  of t h e  es t imated  a c c u r a c i e s  of measurement. We 

I n  t h e  l a b o r a t o r y  experiment t h i s  normally i m p l i e s  t h a t  
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were then  weight ing by wi = l /a (where CJ w a s  t h e  e s t ima ted  a c c u r a c i e s )  

i n s t e a d  of t h e  more s t a t i s t i c a l l y  c o r r e c t  1/02 weight ing .  

ove r s igh t  was poin ted  out t o  u s  by F.J .  Lowes ( p r i v a t e  communication, 

1965) we  were r e l u c t a n t  t o  change s i n c e  w e  had such a s m a l l  e r r o r  

a s s igned  t o  magnetic observa tory  da t a  t h a t  u s ing  t h e  "co r rec t "  weight ing  

method would have cinched t h e  f i t  very t i g h t l y  t o  t h e s e  obse rva t ions  a t  

t h e  expense of t h e  o t h e r s .  The problem l a y  i n  t h e  f a c t  t h a t  a l though t h e  

near  e a r t h  s u r f a c e  d a t a  i s  h igh ly  d i s t u r b e d  by c r u s t a l  anomalies ,  t h e  

f i t t i n g  f u n c t i o n  only  a t tempts  t o  f i t  t h e  smooth background f i e l d .  Thus 

t h e  anomaly "noise" c o n s t i t u t e s  a permanent d i s t u r b a n c e  t o  t h e  near  

s u r f a c e  d a t a  appa ren t ly  only  becoming i n s i g n i f i c a n t  a few t e n s  of k i l o -  

me te r s  above t h e  e a r t h ' s  s u r f a c e  (Davis e t  a l . ,  1965). Even though t h e  

magnet ic  o b s e r v a t o r i e s  a r e  loca ted  a t  s i tes  which may have a smooth 

h o r i z o n t a l  g r a d i e n t  i n  t h a t  l o c a l  a r e a  and t h e  measurements a r e  normally 

t a k e n  wi th  g r e a t  c a r e  and accuracy,  t h e r e  i s  no guarantee t h a t  t h e  a r e a  

i s  r e p r e s e n t a t i v e  of t h e  average f i e l d  over  a l a r g e r  a r e a .  

When t h i s  

Unless some s p a t i a l  smoothing of t h e  d a t a  i s  c a r r i e d  out t o  h e l p  

e l i m i n a t e  t h e  anomaly no i se ,  it i s  c l e a r  t h a t  t h e  minimum of x2 can be 

achieved only  by weight ing inve r se ly  as t h e  square  of t h e  r m s  s c a t t e r  of 

t h e  d a t a .  To e s t ima te  t h i s  s c a t t e r  w e  made some t e s t  f i t s  on samples of 

t h e  d a t a  and es t imated  t h a t  t h e r e  were no apprec iab le  d i f f e r e n c e s  between 

t h e  s u r f a c e  ( inc lud ing  observatory)  and a i r c r a f t  d a t a  r e s i d u a l s .  The F 

and H obse rva t ions  always gave about 200y whereas Z appeared t o  be sys -  

t e m a t i c a l l y  h ighe r .  We t h u s  decided t o  base t h e  weights  on t h e  approximate 
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s c a t t e r  of data  by c l a s s  i n  t h e  d a t a  sample used. The a c t u a l  t a b l e  

of weights  used w i l l  be d iscussed  subsequent ly  a long  w i t h  t h e  s e l e c t i o n  

of d a t a .  

Er ror  Est imates  

I n  t h e  paper by Cain e t  a l .  (1965) an at tempt  was made t o  e s t i m a t e  

m em 
t h e  s t a n d a r d  e r r o r  of each of t h e  c o e f f i c i e n t s  gn, hz ,  g n ,  

u s i n g  s t a t i s t i c a l  e s t i m a t e s  of t h e  i n t e r n a l  cons is tency  of t h e  d a t a  

assuming a gaussian e r r o r  d i s t r i b u t i o n .  The p r e c i s e  way i n  which t h i s  

i s  done appears t o  depend on t h e  way t h a t  one weights  t h e  d a t a .  I n  

o r d e r  t o  t e s t  t h e  v a l i d i t y  of our e r r o r  e s t i m a t e s  we i n i t i a l l y  planned 

t o  make de termina t ions  based on s e v e r a l  independent s e l e c t i o n s  of t h e  

d a t a  and compare t h e  r e s u l t i n g  c o e f f i c i e n t s  and computed f i e l d s .  A s  

w i l l  be seen  subsequent ly ,  t h e  d a t a  a r e  not  s u f f i c i e n t l y  abundant and 

w e l l  d i s t r i b u t e d  t o  o b t a i n  even two adequate  s e p a r a t e  and d i s t i n c t  samples. 

and it by 

However, i n  o r d e r  t o  o b t a i n  a t  l e a s t  a minimun e s t i m a t e  of t h e  

d i f f e r e n c e s  t h a t  could a r i s e  by s e l e c t i n g  t h e  d a t a  i n  d i f f e r e n t  ways, it 

was decided t o  c r e a t e  two e q u i v a l e n t  d a t a  samples w i t h  a s  l i t t l e  o v e r l a p  

of observa t ions  a s  p o s s i b l e .  
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I V .  Computations 

Data Base 

The b a s i c  magnetic survey data used inc luded  t h e  t o t a l  set conta ined  

i n  World Data Center  A f o r  Geomagnetism and provided t o  us  on d i g i t a l  

magnetic t a p e  by t h e  United S t a t e s  Coast and Geodet ic  Survey ' s  Geomagnetism 

Divis ion .  The d i s t r i b u t i o n  of these  d a t a  through 1962 i s  g iven  by Cain 

and Hendricks (1964). These d a t a  inc lude  a l l  p r o j e c t  MAGNET 

obse rva t ions  through 1963 (USNOO, 1965) and a s c a t t e r i n g  of obse rva t ions  

f o r  1964. High a l t i t u d e  d a t a  i n  the d a t a  c e n t e r  a t  t h e  t i m e  t h i s  t a p e  w a s  

r ece ived  inc lude  t h e  Vanguard 3 observa t ions ,  A loue t t e  gyrofrequency 

measurements over  Canada, and a few s c a t t e r e d  sounding r o c k e t  r e s u l t s .  

I n  t h e  course  of performing t e s t  f i t s  on random samples of t h e s e  d a t a  t h e  

r m s  s c a t t e r  was i n v e s t i g a t e d  and the  fo l lowing  approximate r e s u l t s  ob ta ined  

when d a t a  wi th  AC (= AF, AZ, AH, HAD, o r  FAI) > 2000y were r e j e c t e d :  

Table 1 

Compo ne n t 

D 

I 

H 

2 

F 

0 ( r m s )  

1' 

0.3' 

200y 

280y 

50y Vanguard 3 

A l l  o t h e r  
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The d a t a  were t h e n  e d i t e d  by d e l e t i n g  obse rva t ions  where AC exceeded 

1 O O O y ,  a f i g u r e  of about 50. Th i s  s e l e c t i o n  was monitored t o  be 

s u r e  t h a t  no d a t a  were d e l e t e d  t h a t  might be r e p r e s e n t a t i v e  of a n  

a r e a .  

r e j e c t e d  and t h e  obse rva t ions  a l l  appeared t o  be i s o l a t e d  and due 

e i t h e r  t o  record ing  e r r o r  o r  c r u s t a l  anomalies .  

A d e t a i l e d  l i s t i n g  showed t h a t  on ly  about 1% of t h e  d a t a  were 

I n  a d d i t i o n  t o  t h e  b a s i c  d a t a  se t  r ece ived  from t h e  USCWS, a 

s e t  of pre l iminary  d a t a  from t h e  OGO-2 s a t e l l i t e  w a s  ob ta ined  (Cain e t  

al., 1967) .  These d a t a  covered t h e  pe r iod  October 29 - November 15 ,  

1965 which was very  q u i e t  magne t i ca l ly .  The obse rva t ions  were 

cons ide red  pre l iminary  i n  t h a t  t h e  f i n a l  t ime c o r r e c t i o n s  were not  

a p p l i e d  and the o r b i t a l  p o s i t i o n s  used may have e r r o r s  of t h e  o rde r  

of a k i lometer .  

These s a t e l l i t e  d a t a  were f i t  w i t h  an  i n c r e a s i n g  number of 

s p h e r i c a l  harmonics w i t h  t h e  r e s u l t  t h a t  t h e  r e s i d u a l s  i n  AF decreased  

w i t h  an  inc reas ing  number of c o e f f i c i e n t s  t o  7-y a t  n = m = 10. 

f u r t h e r  i nc rease  from t h e s e  120 c o e f f i c i e n t s  t o  143 (n = m = 11)  

showed less  than a 10% improvement. The s e l e c t i o n  of OGO-2 d a t a  f o r  

a d d i t i o n  t o  the master  d a t a  set w a s  made u s i n g  a 99 c o e f f i c i e n t  t e s t  

s e t  which gave a 1Oy r m s  r e s i d u a l  i n  E .  

p r e v i o u s l y  ed i t ed  d a t a  t a p e  us ing  each 10 th  o b s e r v a t i o n  ( 5  sec o r  

about 35 km. i n t e r v a l  f o r  t h e  o r b i t  which ranged i n  a l t i t u d e  from 

410 t o  1510 km.) i f  AF < 30y from t h i s  f i t .  

o n l y  a ve ry  few d a t a  which were judged on comparison w i t h  sur rounding  

o b s e r v a t i o n s  t o  be e r roneous .  

A 

Data were added t o  t h e  

Th i s  s e l e c t i o n  omi t t ed  
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Data S e l e c t i o n  

This  f i r s t  d a t a  sample was obtained from t h e  master  d a t a  s e t  by 

d i v i d i n g  t h e  e a r t h  i n t o  a g r i d  of a r e a s  spaced 2O i n  l ong i tude  and 

vary ing  l a t i t u d e  so  t h a t  each lune of l ong i tude  was d iv ided  i n t o  200 

equa l  a r e a s .  

s i d e s  of t h e  equa to r ,  become nea r ly  square  a t  60 l a t i t u d e ,  and t h e  

l a s t  s e c t i o n s  extend from 82' t o  t h e  po le s .  

of t h e  f i r s t  obse rva t ion  per  year  which f e l l  i n  each of t h e s e  a r e a  

b locks .  The r e s u l t i n g  d a t a  s e t  No. 1 conta ined  approximately 77,400 

obse rva t ions  of one or  more components each,  t h e  p o s i t  i o n s  of which 

a r e  p l o t t e d  s e p a r a t e l y  i n  F igu re  1 f o r  t h e  epochs 1900-1930 (F igure  l a ) ,  

1930-1950 (F igure  l b ) ,  and 1950-1965 (F igure  IC). These f i g u r e s  show 

g r a p h i c a l l y  t h e  important  d a t a  gaps f o r  each per iod .  For t h e  e a r l y  

pe r iods  (F igure  l a )  t h e  on ly  l a rge  a r e a s  of neg lec t  were both po la r  

r e g i o n s ,  n o r t h e r n  Af r i ca  and Asia Minor. The i n t e r m e d i a t e  two decades 

(1930-1950) a c u t e l y  show t h e  loss  of t h e  survey  Ship  Carnegie which w a s  

t h e  main s u p p l i e r  of ocean d a t a  for  t h e  prev ious  decades.  Except f o r  

s c a t t e r e d  obse rva t ions ,  t h e  h igh  l a t i t u d e s  cont inue  t o  remain b a r r e n  of 

d a t a .  Of cour se ,  t h i s  map p r o j e c t i o n  g ives  g r e a t e r  enlargement t o  t h e  

p o l a r  r e g i o n s  but  t h e  a r e a s  missed a re  s t i l l  cons ide rab le  when viewed 

on a globe.  

These b locks  s t a r t  a t  0 t o  0.57' i n  l a t i t u d e  on both  

0 

A s e l e c t i o n  w a s  t h e n  made 

The las t  f i g u r e  shows an  a l m o s t  g a p l e s s  d a t a  d i s t r i b u t i o n .  However, 

it i s  easy  t o  s e e  beneath t h e  north-south t r a c k s  of t h e  OGO-2 s a t e l l i t e  

and no te  t h a t  up t o  t h e  1965.8 epoch of t h e s e  obse rva t ions ,  t h e  d i s t r i b u -  

t i o n  conta ined  some l a r g e  gaps.  
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The d i s t r i b u t i o n  of observed components by decade is given i n  

Tab le  2 .  The d a t a  f o r  1965 c o n s i s t s  of 22322 OGO-2 obse rva t ions  and 

12  obse rva to ry  annual means. 

I n t e r v a l  

1900 -191 0 

1910-1920 

:920=193(! 

193 0 -1 940 

1940-1 9 50 

19 50 -1 960 

1960-1965 

T o t a l s :  

2 
4814 

7054 

4801- 

3792 

51 74 

9900 

8691 

44226 

I 

3050 

4634 

2866 

1523 

2363 

5672 

7986 

28094 

- 

Table 2 

E 
3131 

5033 

331 7 

2392 

3413 

5621 

3035 

25942 

z 
159 

237 

41 5 

795 

875 

4022 

2815 

9318 

F 

10  

- 

-- 
-- 

2 

-- 
6739 

33532 

40283 

T o t a l  

11164 

16958 

11399 

8504 

11825 

31954 

56059 

147863 

There  a r e  on ly  621 obse rva t ions  for  1964. The major bulk of d a t a  

between 1953 and 1963 is from both p r o j e c t  MAGNET and Canadian a i r c r a f t  

obse rva t ions .  S ince  d i r e c t  measurement of t o t a l  f i e l d  was not done 

be fo re  1953, it i s  c e r t a i n  t h a t  the few F obse rva t ions  l i s t e d  p r i o r  t o  

t h i s  d a t e  a r e  computed v a l u e s s t i l l  e r roneous ly  i n d i c a t e d  a s  measurements. 

The geographic g r i d  used t o  o b t a i n  d a t a  set  2 conta ined  t h e  same 

number of  b locks  a s  s e t  N o .  1, but was arranged i n  a d i f f e r e n t  way. 

That i s ,  t h e  long i tude  lunes  were on ly  1' wide and each was d iv ided  i n t o  

100 equal  a r e a  segments of l a t i t u d e .  This  geographic  g r i d  was cons t ruc t ed  

S O  t h e  b locks  on e i t h e r  s i d e  of t h e  equator  were n e a r l y  square  (1 
0 i n  
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long i tude  by 1.15O i n  l a t i t u d e )  and lengthened i n  l a t i t u d e  u n t i l  t h e  

l a s t  a r e a  extended from 78.5 l a t i t u d e  t o  t h e  po le s .  
0 

The da ta  s e l e c t i o n  us ing  t h i s  second g r i d  proceeded a s  be fo re  

except  t h a t  only d a t a  which were not s e l e c t e d  f o r  Se t  1 were used.  

Th i s  i n i t i a l  Data Se t  No. 2 was noted t o  c o n t a i n  only  about 40,000 

obse rva t ions  compared t o  t h e  77,000 i n  Set  No. 1. Although t h e  i n t e n t  

of t h e  t e s t  was t o  a t tempt  t o  c r e a t e  two independent d a t a  samples , i t  

was apparent  t h a t  t h e  survey d e n s i t y  was s u f f i c i e n t l y  s p a r s e  over some 

a r e a s  and years  t h a t  Data Se t  No. 1 had captured  a l l  of t h e  a v a i l a b l e  

obse rva t ions .  Thus d a t a  were t r a n s f e r r e d  from t h e  f i r s t  s e t  t o  f i l l  a s  

many a s  poss ib l e  of t h e  g r i d  a r e a s  of Se t  No. 2 f o r  which t h e r e  was not 

one observa t ion  per yea r .  The t o t a l  obse rva t ions  a v a i l a b l e  now inc reased  

t o  72,250. There w a s ,  t hen ,  approximately a 40% over l ap  of d a t a  between 

t h e s e  two s e t s .  

Weights 

The weights wi used were based on t h e  e s t i m a t e s  given i n  Table  1. 

That i s  wi = l/c? f o r  H,  2 ,  and F and t h e  r e c i p r o c a l  squares  of OH and 

OF f o r  D and I r e s p e c t i v e l y .  Although t h e  OGO-2 d a t a  gave a somewhat 

lower s c a t t e r  t han  t h e  Vanguard 3 obse rva t ions ,  a o = 50y was chosen 

s i n c e  it  was not c l e a r  what b i a s e s  due t o  o r b i t a l  e r r o r  or  e x t e r n a l  

f i e l d s  might be inhe ren t  i n  t h e  d a t a .  
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V. Resul t s  

The computations were performed on both d a t a  sets f i r s t  by 

f i n d i n g  t h e  bes t  s e t  of c o e f f i c i e n t s  t o  f i t  Data Se t  N o .  1 and t h e n  

t h e  c o r r e c t i o n s  t o  t h e s e  c o e f f i c i e n t s  t o  f i t  Se t  No. 2. The weighted 

r m s  r e s i d u a l s  f o r  a l l  of t h e  observa t ions  a r e  as fo l lows  f o r  Data 

Se t  N o .  1: 

Table 3 

Weighted 
C nmp o ne n t r m s  (v) Obser _ _  vat  ions  

HAD 157 44226 

F A I  199  

256 

28094 

9318 

AH 214 25942 

AF 34 40283 

Tot a 1  99 147863 

The o v e r a l l  weighted r m s  r e s i d u a l  us ing  t h e  output  c o e f f i c i e n t s  

from S e t  1 t o  t h e  d a t a  f o r  Se t  2 was 129y. Only one i t e r a t i o n  was 

performed on S e t  2 s i n c e  t h e  computation was lengthy  (10 hours  "Cent ra l  

Processor"  t ime)  and we knew by exper ience  t h a t  t h e  second i t e r a t i o n  

would g ive  i n s i g n i f i c a n t  c o r r e c t i o n s  t o  t h e  c o e f f i c i e n t s .  Although t h e  

magnetic t a p e  of t h e  second d a t a  set  became unuseable be fo re  t h e  weighted 

r e s i d u a l  could be c a l c u l a t e d  using t h e  output  c o e f f i c i e n t s ,  w e  a r e  con- 

f i d e n t  t h a t  t h e  c o r r e c t i o n s  reduced t h e  r e s i d u a l  t o  about lOOy a s  on Se t  1. 
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The s tandard  e r r o r s  of t h e  Se t  1 c o e f f i c i e n t s  were e s t ima ted  t o  

be 1 t o  2y fo r  t h e  s p a t i a l  t e rms ,  0 .03 t o  0.08 y /y r  f o r  t h e  f i r s t  

d e r i v a t i v e s ,  and .002 t o  .004 y/yr“  f o r  t h e  second d e r i v a t i v e s .  

e v e r ,  perhaps more i l l u m i n a t i n g  i s  Table  4 ,  which l i s t s  t h e  c o e f f i c i e n t s  

of t h e  f i t  t o  Data Se t  No. 1 and t h e  c o r r e c t i o n  app l i ed  t o  each c o e f f i -  

c i e n t  t o  ob ta in  a f i t  t o  Data S e t  N o .  2 .  The changes i n  c o e f f i c i e n t s  

between t h e  s e t s  a r e  very  commensurate t o  t h e  s t anda rd  e r r o r  e s t i m a t e s  

mentioned above. The ques t ion  a s  t o  t h e  a b s o l u t e  accuracy of t h e  

c o e f f i c i e n t s  cannot be determined from t h i s  e x e r c i s e  s i n c e  t h e s e  r e s u l t s  

merely i n d i c a t e  t h a t  u s ing  t h e  g iven  s e t  of d a t a ,  we igh t s ,  and number 

of c o e f f i c i e n t s ,  t h e  sma l l e s t  r m s  d e v i a t i o n  i s  found w i t h  t h e s e  

parameters .  The i m p l i c a t i o n  of t h e  e r r o r  e s t i m a t e s  i s  t h a t  t h e  c o e f f i -  

c i e n t s  a r e  c e r t a i n l y  not  more p r e c i s e  than  t h e s e  va lues  a s  t r u e  

d e s c r i p t i o n s  of t h e  given t o t a l  d a t a  s e t .  

How- 

However, i t  may i n s p i r e  more conf idence  i n  t h e  f i e l d  model t o  

i n v e s t i g a t e  t h e  degree t o  which t h e  t o t a l  d a t a  of va r ious  c l a s s e s  ag ree  

w i t h  t h e  f i t s .  A comparison was f i r s t  made by computing t h e  unweighted 

r e s i d u a l s  t o  a random 10% sample of survey  obse rva t ions  ( inc lud ing  

a l l  s a t e l l i t e  d a t a  except  OGO-2) and examining t h e  d i s t r i b u t i o n  of t h e s e  

d i f f e r e n c e s .  A bes t  Gaussian curve [D = A exp(A/a)”]  was f i t  t o  t h i s  

d i s t r i b u t i o n  a f t e r  d i s c a r d i n g  d e v i a t i o n s  whose a b s o l u t e  va lue  exceeded 

400y. The sigma of t h i s  curve was 1 2 2  2 4 y .  The percentage  of d a t a  

f a l l i n g  o u t s i d e  a g iven  i n t e r v a l  compared t o  t h a t  p r e d i c t e d  by t h e  

gauss i an  d i s t r i b u t i o n  i s  given i n  Table  5. 
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n 

1 
1 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
4 

5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
b 
7 
7 

5 

7 
7 
7 
7 
7 

8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

7 

Table 4 
C o e f f i c i e n t s  of  F i t  t o  Data S e t  No. 1 

and A Changes t o  These Coef f i c i en t s  t o  F i t  S e t  N o .  2 

1 
0 
1 
2 
0 
1 
2 
3 
0 
1 
2 
3 
4 
CI 
1 
2 
3 
4 
5 
0 
1 
2 
3 
4 
5 
6 
0 
1 
2 
3 
4 
5 
6 
7 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

m g  Ag h Ah 
(Y) 

0 -30401.2 -1.6 
-2163.8 -0.4 
-1540.1 2.4 

2997.9 -1.0 

1307.1 0.9 
1590.3 -1.2 

-1988.9 0.3 
1276.8 -1.1 

881.2 -0.7 
949.3 0 . 3  
803.5 -0.4 
502.9 -1.5 

-397.7 0.6 
266.5 1.8 

-233.5 4 - 1 5  
355.7 -0.5 
228.4 -0.9 
-28.8 0.2 

-1 5 1  9 -0.4 
-62.2 0 .7  

49.2 -0.5 
57.5 0 .2  
-0.8 -1.2 

-238.3 -0.1 
-1.5 1.5 
-2.0 0 .5  

-108.9 0.4 
72.2 0.4 

-53.7 -0.7 
7.9 0.6 

15.6 -0.9 
-24.3 0.8 

-3 .6  -0 .8 
15.5 -0.3 

3.6 0.4 
8.5 -2.7 
6.5 -0.8 

-9.3 -2.1 
-9.6 -1.2 
-6.1 -0.1 

-8.1 -0.4 
13.0 0 . 5  

7.4 -0.5 
10.4 0.0 

5.8 -0.0 
7 . 5  1.8 

-15.1 1 . 4  
12.1 1.8 

4.7 0.9 
0.2 0.7 
1.6 -0.8 
0.9 0.4 
0.2 1.3 

-2.9 -2.8 
-0.9 -0.8 
-2.2 -0.9 

0.8 -1.0 
-2.8 0.4 

6.4 -0.5 
4.7 -1.0 

-0.2 -0.1 
1.8 0 .5  
2.0 -0.0 
1.1 1.1 

5.5 -c.r 

5778.2 -4.9 

-1932.0 -0.6 
202.9 0 .5  

-425.4 1.1 

-133.8 0.3 
227.8 0.1 

160.3 -1.7 
-274.3 -0.8 

2.3 -1.4 
-246.6 -1.8 

5.1 0.4 
-0 3 

-108.9 0 .0  

117 8 
-114.8 -0.2 

82.4 -0.7 

-12 1 -2.5 

56.6 1.7 
104.4 0.3 

-23.4 -0.7 
-14.8 0.4 
-13.3 0.6 

-53.7 2.1 
-27-4 -1.0 

-8.1 -0.4 
7.0 0.1 

24.3 0.8 
-22.5 0 .6  
-21.4 -0.4 

5.4 -1 .3 
-11.7 -0.1 

4.2 1.0 
-15.3 0.6 

4.6 -0.3 

-0.7 0.6 
-17.1 0 .4  

-22.4 3 .0  
13.8 1.2 

6 . 3  1 .1  
-3.0 0.0 
-1.9 -0.6 

9 .0  0.9 
11.5 -1.4 

0 .1  0.1 
-1.5 0.9 

-0.1 2.4 

-1.0 2.3 
2.6 -1.0 

-4.4 0.8 
-1.3 -1.3 
-3.6 0.8 

4.0 0.0 
1 .0  0.4 

-2.0 -0.3 

21.9 0.0 

4 .5  -0.7 

k A i  G A L  
( Y l Y r )  

14.03 0.07 

-23.29 -0.41 
8.76 -0.23 -3.71 -0.52 

- C . O 9  -0.10 -14.31 -0.12 
-4.56 -0.32 
-;.93 0.27 

-10.62 0.10 
2.31 0.17 

- 5 . 8 9  0.16 
1.45 0.07 
0-90 0.01 

-1.75 0.07 
0.66 -0.26 

-3.01 0.14 
1.61 -0.36 
C.60 -0.06 
3.34 -0 .08 

-9.Cf4 0.13 
-0.60 0.14 

1.76 -0.17 
-0.42 0.06 

2 .82  -0.02 
0.82 -0.14 
2.35 0 .05  
0 . 8 3  -0 .15 
0.C1 0.05 
0.23 -0.02 

-0 .57  -0.61 
-0.34 -0.12 
-1.44 -0.42 
-C.90 0.03 

0.03 -0.06 
-5 .60  -0.02 
- C . 1 7  0.06 
-C.64 0.20 

0.35 0.39 
0.50 0.24 
1.70 0.48 

- C . 1 1  0.15 
0 . 3 4  0.21 

-C.O? 0.11 
0.43 -0.06 

-0.15 0.02 
-0.42 0 .02  
-6.19 -0.56 
-0.13 -0.46 
-1.20 -0.53 

0.08 -0.21 
-0.08 -0.10 
-0.39 -0.22 
-0.36 -0.15 

0.47 0.11 
0.37 0.12 

-0.46 -0.01 
-62.01 -0.26 
-0.13 0.26  

C.88 0.21 

0.17 0.10 
-0.02 0.20 

0.C5 0.14 
0.17 -0.01 
0.16 -0.14 
0.31 0.09 

-9.23 0.14 

-0.16 0.37 

-16.62 0.14 

5.20 -0.09 
2.53 0.02 

-6.98 -0.22 

-2.19 -0.04 
-0.14 0.17 

1.88 0.10 
-6.52 -0.11 

2.24 -0.31 
1.59 0.06 

-2.61 0.11 
0.50 0.00 

-0.12 0.01 

0.05 0.15 
0.09 -0.02 
2.55 -0.05 

-1.19 0.12 

0.84 0.15 
0.33 0.01 

-0.96 -0.13 
0.01 0.13 
0.43 0 .36  
0.75 -0.13 

-0.33 -0.22 
0.49 -0.03 
0.90 -0.09 

-0.50 0.43 
-0.21 - 0 . 0 3  

0.03 -0 .02  
-0.79 -0.11 
0.M 0.13 
0.10 -0.12 

-0.36 -0.04 
-0.43 -0.06 

0.66 -0.28 
0.54 0.26 
0.03 0.10 
0.35 0.05 

-0.03 0.12 

0.45 0.18 
-0.05 0.05 

0.75  0.26 

-0.61 0.88 
-0.64 0.05 

0.02 0.30 
0.05 0.05 

-0.63 -0.27 
-0.07 0.13 

0.07 0.01 
-0.03 -0.02 
-0.02 -0.00 
-0.45 0.09 

-0.01 -0.16 

( Y / F  
-0.062 0.003 

0.114 -:].to4 
-0.154 -0.010 
-0.018 -G.OOO 
-0.253 -0.Li06 
-0.123 1).006 
-0.027 -0.001 

0.028 C.004 
-0.183 O.OC3 

0.001 0.001 
-0.044 O.CO2 

0.017 C.004 
0.007 -3.b05 

-0.097 O.OC2 
0.045 -0.007 
0.001 -0.LO1 
0.075 -0-031 
0 .008  0.002 
0.015 0.L04 
0.056 -0.003 

-0.006 G.u.)2 
0.015 -0.002 
0.010 -0.b03 
0.050 C.001 

-0.011 -3.GO5 
0.026 0.001 
0.023 0.000 

-0.014 -0.012 
-0 .036 -d.OC2 
-0.034 -0.C10 
-0.004 C.LO2 
-0.006 -C.OCO 
-0.327 -3.600 
-0.001 0.oc; 
-0.004 0.004 

0.006 G.009 
0.308 n.G34 
0.039 0.011 

-0.008 0.003 
0.C15 C.003 

-0.002 u.053 
0.005 - 0 . O O i  

-0.008 o.cc1 
-0.007 C.OC1 
-0 .505 - C . C l l  
-0.001 -0.010 
-0.027 - C . O l l  

0.005 -0.001 
-0.007 -3.002 
-0.006 -G.006 
-0.009 -G-003 

0.006 0.002 
0.005 0.002 

-0.009 -0.001 
-0.003 -0.005 
-0.003 Q.005 

-0.008 0.009 
0.007 C.OC2 
0.001 0.004 
0.001 O.GO4 
0.001 0.000 
0.005 -C.004 
0.004 C.G'I2 

-0.002 0.002 

0.020 5.004 

.. 
h A E  

.a ) 

-0.043 -0.007 

0.054 -0.004 
-0.016 0.003 

0.095 0 .  

0.079 -0.034 
-0.007 -0.000 

0.004 -0.003 
0 .056  0.004 

-0.035 0.003 
-0.047 -0.003 

-0.046 -0.005 
0.007 0.002 

-0.007 0.004 
0.001 0 .  

-0.024 0.000 

0.020 0.001 
-0.011 -0.001 

0.015 -0.002 
-0.029 0.004 

0.029 0.001 
-0.010 0.001 

-0.014 -0.001 
0.016 0.004 
0.014 0.008 
0.005 -0.004 

-0.008 -0.005 
0.016 -0.001 
0.011 -0.001 

-0.015 0.009 
-0.012 -0.002 

0.005 -0.001 
-0.011 -0.002 
-0.000 0.000 
-0.003 -0.003 
-0.009 -0.001 
-0.003 -0,002 

0.022 -0.008 
0.007 0.006 

-0.002 0.000 
0.009 0.000 
0.006 0.003 

-0.001 -0.004 
0.009 0.005 

-0.004 O.UO1 
0.019 0.004 

-0.012 0.019 
-0.014 0.001 
0.00A 0.006 
0.001 0.002 

-0.OlI -0.006 
-0.001 0.003 

0.001 -0.001 
-0.001 -0.000 

0.001 0.000 
-0.006 0.002 
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Table 5 

Gauss Fan 
P r e d i c t  i o n  In1 (0  = 1 2 2 4  Data 

1 ooy 41% 51% 

200 10  25 

300 1 . 4  13  

40 0 0 . 1  8 

50 0 0 .0  5 

The A value he re  a s  be fo re  i s  e i t h e r  an observed f o r c e  component 

(AI?, AH, AZ) o r  an angle  converted t o  a f o r c e  ( i . e .  HAD, F A I ) .  The 

d a t a  d i s t r i b u t i o n  c o n t a i n s  a cons ide rab le  ' t a i l '  beyond an  almost 

gauss i an  c e n t e r .  O f  course ,  s i n c e  no smoothing was done t o  t h e  d a t a ,  

magnetic anomalies a r e  present  and a r e  t h e  main r eason  f o r  t h e  non- 

gauss i an  d i s t r i b u t i o n .  A breakdown of t h e  d a t a  i n t o  c l a s s e s  was a l s o  

done and t h e  gauss ian  cons t an t  f i t  t o  t h e s e  d i s t r i b u t i o n s  i s  g iven  i n  

Table  6 .  

Table  6 

Gaussian Sigmas of Curves F i t  t o  D i s t r i b u t i o n  
Of Res idua ls  From GSFC(12/66)-1 F i e l d  

Compo ne n t 

Type HOD F A I  AH AZ aF A 1  1 

Sur face  120 150 120 130 120 125 

A i r c r a f t  170 160 180 210 100 140 

Vanguard 3 -Alouet t e 28  28 

A 1  1 130 150 130 170 100 1 2 2  
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The a i r c r a f t  F obse rva t ions  ( a l l  p r o j e c t  MAGNET) a r e  seen  t o  be 

below average i n  s p i t e  of t h e  f a c t  t h a t  t h e  component a i r c r a f t  d i f -  

f e r e n c e s  a r e  g r e a t e r  t han  t h o s e  for  t h e  s u r f a c e  measurements. The 2 

obse rva t ions  a r e  above average for  a l l  d a t a .  The combined Vanguard 3- 

Aloue t t e  f i g u r e  i s  mainly a r e f l e c t i o n  of t h e  Vanguard 3 d a t a  due t o  

t h e  much l a r g e r  (- 3000) number of o b s e r v a t i o n s .  The Aloue t t e  d a t a  

c o n s i s t  on ly  of a few hundred observa t ions  which s c a t t e r  a t  about 1OOy. 

A s e p a r a t e  d i s t r i b u t i o n  was c a l c u l a t e d  f o r  t h e  060-2 d a t a .  I t s  

g a u s s i a n  cons t an t  i s  only  11.7~; a va lue  much narrower t h a n  f o r  t h e  

o t h e r  d a t a  as might be expected s ince  t h e  obse rva t ions  a r e  more a c c u r a t e ,  

a r e  taken  above an a l t i t u d e  where c r u s t a l  anomalies  a r e  e f f e c t i v e ,  and 

a r e  numerous and h e a v i l y  weighted. Table  7 g ives  t h e  percentage  d a t a  

which have r e s i d u a l s  o u t s i d e  of given l i m i t s  as compared wi th  t h a t  of a 

g a u s s i a n  d i s t r i b u t i o n  of 0 = 11.7~. A s  can  be seen  h e r e ,  t h e r e  i s  t h e  

s l i g h t  skewing on t h e  low f i e l d  s ide  [@ = F(measured) - F(computed)] a s  

no ted  be fo re  f o r  Vanguard 3 d a t a  (Cain e t  a l . ,  1962) .  This  asymmetry i s  

l i k e l y  due t o  occas iona l  weak magnetic d i s t u r b a n c e  du r ing  t h e  f a i r l y  

q u i e t  i n t e r v a l  from which t h e  da ta  were s e l e c t e d .  The r e s i d u a l  d i s t r i b u -  

t i o n  on t h e  h igh  f i e l d  s i d e  is remarkably gauss ian .  
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Table  7 

% Data Outside Given AI? L i m i t  

Gaussian 
F i e l d  Low P r e d i c t  i o n  F i e l d  High 

Data hF (a = 1 1 . 7 ~ )  AF Data 

24% - loy 21% 1OY 18% 

10 - 20 5 20 5 

4 -30 0.6 30 1 

1 - 40 .03 40 . 5  

RMS r e s i d u a l s  were a l s o  computed f o r  t h e  s e l e c t e d  d a t a  s e t  1 f o r  

each year  1900-1964 t o  see whether t h e r e  were any uniform d e v i a t i o n s  

which could be a t t r i b u t e d  t o  t h e  inadequacy of a p a r a b o l i c  f u n c t i o n  

i n  t i m e  f o r  each c o e f f i c i e n t  t o  r e p r e s e n t  s e c u l a r  change and i f  t h e r e  

was any obvious c o r r e l a t i o n  w i t h  magnetic d i s t u r b a n c e .  A sugges t ion  

was made previous ly  (Cain,  1966, p .  22)  t h a t  a maximum noted i n  t h e  

r e s i d u a l s  between t h e  GSFC(7/65) f i e l d  and survey d a t a  f o r  t h e  years  

1957-1958 m i g h t  be a t t r i b u t e d  t o  t h e  l a r g e r  inc idence  of magnetic 

d i s t u r b a n c e  near sunspot maxima. I f  t h i s  e f f e c t  were r e a l ,  one should 

a l s o  n o t e  some s y s t e m a t i c  enhancement of t h e  r e s i d u a l s  from t h e  p r e s e n t  

f i t  near  t h e  sunspot maxima y e a r s  1906, 1917, 1928, 1937, 1947, and 

1957. A p l o t  of t h e  r m s  r e s i d u a l s  f o r  a l l  components by year  i s  given 

i n  t h e  t o p  curve of F i g u r e  2. Although t h e  1958 peak i s  s t i l l  p r e s e n t  

t h e r e  i s  no obvious c o r r e l a t i o n  between t h e  o t h e r  peaks i n  t h i s  
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c u r v e  and t h e  sunspot  c y c l e  c u r v e  shown a t  t h e  bottom. 

h a s  shown t h a t  t h e  magnetic a c t i v i t y - s u n s p o t  c o r r e l a t i o n  may n o t  be 

v e r y  s imple and t h u s  a f u l l e r  i n v e s t i g a t i o n  may be more r e v e a l i n g .  

Chernosky (1966)  

We have a l s o  c a l c u l a t e d  t h e  mean d i f f e r e n c e s  f o r  t h e  H o b s e r v a t i o n s  

by y e a r  and show a p l o t  of t h e s e  r e s u l t s  i n  t h e  middle c u r v e  of F igu re  

2.  Again t h e r e  appea r s  t o  be no obvious c o r r e l a t i o n  w i t h  t h e  sunspot  

c y c l e .  There does ,  however, appear  t o  be a sys t ema t i c  lowering of  t h e  

cu rve  f o r  the  y e a r s  1900-1906 and 1929-1944 as compared w i t h  o t h e r  

yea r s .  The gene ra l  shape of t h e  t w o  c u r v e s  of t h e s e  r e s i d u a l s  i n d i -  

cates  t h a t  t h e r e  are probably  s i g n i f i c a n t  sys t ema t i c  d e v i a t i o n s  y e t  

e x i s t i n g  i n  t h e  d a t a  which i n d i c a t e  t h a t  t h e  s e c u l a r  change c o e f f i -  

c i e n t s  determined may no t  be t h e  b e s t  estimate o v e r  t h e  whole i n t e r v a l .  

F u r t h e r  study i s  t h u s  i n d i c a t e d  t o  de te rmine  whether t h e  sha rp  peaks i n  

r m s  c u r v e s  are real  o r  are due  o n l y  t o  a few e r roneous  o r  anomalous 

d a t a .  A d e t a i l e d  comparison a l s o  needs t o  be made w i t h  t h e  s e c u l a r  

change as  p r e d i c t e d  by t h i s  numerical  f i t  and t h a t  measured a t  t h e  mag- 

n e t i c  o b s e r v a t o r i e s .  
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R e a l i t y  of Computed F i e l d  

Having compared t h e  way i n  which t h e  GSFC(12/66)-1 f i e l d  matches 

t h e  e x i s t i n g  d a t a ,  one i s  s t i l l  faced wi th the  q u e s t i o n  of how w e l l  it 

r e p r e s e n t s  t h e  a c t u a l  geomagnetic f i e l d  f o r  c u r r e n t  epochs and how w e l l  

it e x t r a p o l a t e s  i n t o  t h e  near  f u t u r e .  

1966, p. 19)  any s t anda rd  dev ia t ions  which can be computed from such 

f i t s  a r e  sma l l e s t  near  t h e  reg ions  occupied by d a t a  and i n c r e a s e  away 

from such r eg ions .  S ince  t h e  f i e l d s  computed from t h e  two d a t a  sets 

a r e  presumably of equ iva len t  q u a l i t y ,  one t e s t  of some va lue  i s  t o  t a b -  

u l a t e  t h e  d i f f e r e n c e s  i n  a c t u a l  f i e l d  t h a t  a r i s e  between them. A summary 

of t h e  maximum a b s o l u t e  d i f f e r e n c e s  (1900-1970) f o r  each component on 

t h e  e a r t h ' s  s u r f a c e  and t h e  l o c a t i o n  where t h i s  occu r s  i s  given i n  

Table  8. A s  can be seen  i n  t h i s  t a b l e ,  t h e  l o c a t i o n  of maximum d i f - '  

f e r e n c e s  i s ,  wi thout  except ion ,  i n  o r  near  A n t a r c t i c a  f o r  any of t h e  

f o r c e  components and near  t h e  magnetic po le s  f o r  d e c l i n a t i o n .  This  

s e a r c h  was made us ing  only  t h e  10  l a t i t u d e - l o n g i t u d e  g r i d  i n t e r s e c t i o n s  

so  t h a t  t h e  changes from year  t o  year a r e  by t h a t  increment .  The maximum 

d i f f e r e n c e s  f o r  t h e  i n c l i n a t i o n  occur near  t h e  magnetic equator  i n  t h e  

a r e a  of t h e  P a c i f i c  which has t r a d i t i o n a l l y  been s p a r s e l y  surveyed.  

The l o c a t i o n s  of t h e  a r e a  of  maximum d i f f e r e n c e s  a r e  not s u r p r i s i n g  i f  

one no te s  t h e  d a t a  d i s t r i b u t i o n  by a r e a  and epoch i n d i c a t e d  i n  F igu re  1. 

The l a c k  of s u b s t a n t i a l  po la r  da ta ,  p a r t i c u l a r l y  over and near  A n t a r c t i c a  

f o r  any pas t  epoch, means t h a t  the p o t e n t i a l  expansion i s  r e l a t i v e l y  

f r e e  t o  assume imaginary va lues  i n  t h e s e  r e g i o n s .  The a b s o l u t e  

d i f f e r e n c e s  between t h e  f i e l d s  canputed from t h e  two c o e f f i c i e n t  

A s  we  have noted be fo re  (Cain, 

0 
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s e t s  should be r e p r e s e n t a t i v e  of the  minimum p o s s i b l e  e r r o r s  t h a t  can 

a r i s e  from t h i s  d a t a  s p a r s i t y  and the  improvements t h a t  a r e  p o s s i b l e  

f o r  r e c e n t  epochs. Of course ,  t h e  060-2 d a t a  c o n s t r a i n s  t h e  p o t e n t i a l  

f u n c t i o n  cons ide rab ly  a t  t h e  1965.8 epoch and hope fu l ly  c o n t r i b u t e s  

s u b s t a n t i a l l y  t o  t h e  r e a l i s m  of t h e  c u r r e n t  f i e l d  whereas t h e  p a s t  

d a t a  a i d s  i n  t h e  r e a l i t y  of t h e  secu la r  change. Thus a l though t h e  

f i e l d  i n  t h e  south po la r  r e g i o n  may be w e l l  determined f o r  t h e  f i r s t  

t i m e ,  t h e  s e c u l a r  change i n  t h i s  a rea  w i l l  l i k e l y  be u n c e r t a i n .  

I f  we average t h e  square  of the d i f f e r e n c e s  of t h e  f i e l d  components 

computed from t h e  two c o e f f i c i e n t  se ts  over t h e  e a r t h ' s  s u r f a c e  w e  

o b t a i n  t h e  r e s u l t s  i n  Table  9. These d i f f e r e n c e s  were computed a t  

each loo  i n t e r s e c t i o n  of l a t i t u d e  and long i tude  and were weighted by 

t h e  cos ine  of l a t i t u d e .  The f i t s  a r e  seen  t o  be i n  b e s t  agreement 

du r ing  t h e  per iod  of maximum d a t a  concen t r a t ion  (1955-1965) and d ive rge  

by a f a c t o r  of about two as an at tempt  i s  made t o  e x t r a p o l a t e  beyond 

t h e  l i m i t s  of a v a i l a b l e  d a t a  t o  1970. We judge t h a t  t h e  numbers i n  

t h i s  t a b l e  a r e  comparable t o  t h e  average e r r o r s  i n  e i t h e r  e s t i m a t e  of 

t h e  main co re  f i e l d  near t h e  e a r t h ' s  s u r f a c e .  

measurement of a f i e l d  component on t h e  e a r t h ' s  s u r f a c e  may d e v i a t e  

from t h a t  computed due t o  t h e  anomaly "noise" accord ing  t o  Table  5 

(wi th  some v a r i a t i o n  between components a s  noted i n T a b l e  6 ) ,  we would 

be s u r p r i s e d  i f  t h e  va lues  i n  Table 9 were l e s s  t h a n  h a l f  of t h e  t r u e  

s t anda rd  e r r o r  of t h e  f i e l d  model. 

Although a g iven  

The r m s  d i f f e r e n c e  between t h e  two f i e l d s  becomes sma l l e r  w i th  

i n c r e a s i n g  a l t i t u d e .  A computation s i m i l a r  t o  t h a t  f o r  Table  9 except  
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Table  9 

1900 

1905 

1910 

1915 

1920 

1925 

1930 

L 335 

1940 

1945 

1950 

1955 

1%0 

1 YJ 5 

1'no 

RMS D i f f e r e n c e s  between GSFC( 1 2 / 6 6 )  -1 and 
( 1 2 / 6 6 ) - 2  a t  ze ro  a l t i t u d e  

85 56 109 .36 .12 

57 41  7 6  .22 .09 

38  3 1  5 3  .19 .06 

30 27 44 .33 .04 

3 4  28 48 .33 .04 

4 2  32  56 .29 .os 

48 -1 '+ 6 3  .31 . 06 

35 f, 7 .31 .06 

1 1  

- .  
? L  

5 i) 35 66 .29 .06 

f:C 31. 40  .25 .06 

3 i: 2 0 50 .19 .05  

20 36 .13  .04 ,, -I 

L ,  

L8 1 4 25 . !3 .03 

2 7 L7 34 .26 .04 

43 30 6 2  .48 .07 

FY 

104 

7 2  

50 

4 2  

46 

5 4  

6 1  

6 4 

6 3  

57 

48  

3 4  

22 

30 

57 
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f o r  an a l t i t u d e  of 1000 Km g i v e s  r e s i d u a  s t h a t  are smaller by a f a c t o r  

of 3 t o  4 f o r  t h e  f o r c e  components X ,  Y ,  Z ,  F ,  and by a f a c t o r  of t w o  

f o r  t h e  a n g u l a r  components. Although t h e  f i t  w a s  i t s e l f  more r i g i d l y  

c o n s t r a i n e d  by t h e  h igh  weight ing f a c t o r  and narrow s c a t t e r  of t h e  

OGO-2 d a t a  so t h a t  i s  might be p r e d i c t e d  t h a t  t h e  two f i t s  would a g r e e  

w e l l  i n  t h e  a l t i t u d e  range of t h e s e  d a t a ,  t h e s e  smaller d i f f e r e n c e s  

may a l s o  be explained by t h e  f a c t  t h a t  t h e  r e l a t i v e  e f f e c t  of t h e  un- 

c e r t a i n t i e s  i n  t h e  h i g h e r  o r d e r  c o e f f i c i e n t s  l e s s e n s  wi th  i n c r e a s i n g  

a l t i t u d e .  That i s ,  i n  t h e  csnpute t ion  of t h e  f i e l d  from t h e  p o t e n t i a l ,  

t h e  expansion f o r  each component c o n t a i n s  a term (a/r)n+2.  

c o n t r i b u t i o n  of each c o e f f i c i e n t  of degree  n=10 i s  decreased by a 

f a c t o r  of about 6 a t  1000 km. a l t i t u d e  over t h a t  a t  t h e  e a r t h ' s  s u r f a c e  

whereas t h e  same f a c t o r  f o r  t h e  d i p o l e  t e r m s  o n l y  decreases  t h e i r  e f f e c t  

by about 35%. 

Thus t h e  
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VI. Conclusions 

We conclude from t h i s  s tudy  t h a t  t h e  f i e l d  der ived  from t h e  

GSFC(12/66)-1 s e t  of c o e f f i c i e n t s  i s  an  extremely good model f o r  r e c e n t  

epochs and because of t h e  i n c l u s i o n  of t h e  very comprehensive sample of 

OGO-2 s a t e l l i t e  d a t a  should be t h e  most a c c u r a t e  measure of t h e  main 

f i e l d  c u r r e n t l y  a v a i l a b l e .  

s u r f a c e  s t i l l  l i e  i n  A n t a r c t i c  r eg ions  and a r e  expected t o  be up t o  

200y i n  F and a few t e n t h s  of a degree i n  d i p .  Due t o  t h e  t h i n n e s s  

of observa t ions  over a long per iod  i n  sou the rn  a r e a s  e x t r a p o l a t i o n  

i n t o  t h e  f u t u r e  remains more hazardous t h a n  elsewhere.  I n  o the r  a r e a s  

t h e  s u r f a c e  f i e l d  i s  probably no f u r t h e r  i n  e r r o r  t h a n  a few t e n s  of 

gammas and the  growth of e r r o r  by e x t r a p o l a t i o n  i n t o  t h e  f u t u r e  i s  

only  of t h e  order  of a f a c t o r  of two by 1970. 

The maximum e r r o r s  expected a t  t h e  e a r t h ' s  

Fu tu re  improvements i n  t h i s  r e p r e s e n t a t i o n  a r e  i n d i c a t e d  when a 

g r e a t e r  s o p h i s t i c a t i o n  i s  in t roduced  by t a k i n g  i n t o  account t i m e  v a r i -  

a t i o n s  i n  t h e  s a t e l l i t e  measurements and when d a t a  become a v a i l a b l e  

f o r  more r ecen t  epochs. Some s l i g h t  changes w i l l  probably be necessa ry  

when t h e  more d e f i n i t i v e  o r b i t s  of OGO-2 a r e  a v a i l a b l e .  There i s  t h e  

p o s s i b i l i t y  t h a t  t h e  sys t ema t i c  e r r o r s  i n  t h e  o r b i t s  and t h e  c o r r e c t i o n s  

due t o  t ime v a r i a t i o n s  could b r i n g  about d i s t o r t i o n s  of t h e  order  of 

t h e  10-2Oy e r r o r s  es t imated  a t  s a t e l l i t e  a l t i t u d e s .  

However, f o r  most uses  of an  IGRF such a d d i t i o n a l  accuracy  i s  not 

of prime concern,  and t h e  present  r e s u l t s  could be t aken  a s  more t h a n  

adequate  as an i n t e r i m  f i e l d  f o r  1965.0 p r i o r  t o  t h e  f i n a l  e v a l u a t i o n s  

t o  be considered f o r  t h e  r e s u l t s  of t h e  World Magnetic Survey. 
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APPENDIX 

Weip,hted Least  Square F i t t i n g  t o  Main F i e l d  Data 

Th i s  formula t ion  i s  an expansion of t h a t  g iven  by Cain e t  a l . ,  

(1965) inc lud ing  t h e  c o r r e c t i o n  of a few e r r o r s .  

Kaula (1967) i s  a l s o  va luab le  t o  c o n s u l t .  

The r e c e n t  rev iew by 

Given t h e  f u n c t i o n a l  form C(p; r ,  8, @, t )  a s  r e p r e s e n t i n g  any 

measure of t h e  gemagnz t i c  f i e l d  we a t tempt  t o  minimize t h e  expres s ion  

where p i s  h e r e  taken  t o  be any of t h e  n parameters  or' t h e  f i e l d ,  

( r ,  8, @, t )  are  t h e  coord ina te s  of t h e  obse rva t ion  C i ,  and wi i s  a 

chosen weight ing  f a c t o r .  The summation i s  over some chosen set  of d a t a .  

Expanding C i n  a T a y l o r ' s  series about some approximate s o l u t i o n ,  

Co g ives :  

x 2  = [.i -co - 2 (e)o 'Pk - 2 ( ~ ~ ~ $ ~ o i p j  'p, .. ]? wi 
i k =  1 j, k'l 

so  t h a t  t a k i n g  t h e  d e r i v a t i v e  of xa wi th  r e s p e c t  t o  t h e  c o r r e c t i o n s  t o  

t h e  parameters ,  so lv ing  f o r  t h e  kth normal equa t ion ,  and n e g l e c t i n g  a l l  

but  t h e  l i n e a r  t e r m s  g ives :  
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We now l e t  

and 

where t h e  subsc r ip t  o i n d i c a t e s  t h a t  t h e  d e r i v a t i v e s  a r e  t o  be 

eva lua ted  a t  t h e  va lues  p = po f o r  t h e  ( r ,  0 ,  qj, t )  of an  ith obse r -  

v a t i o n .  The sol .ut ion t o  t h e s e  equa t ions  t h u s  becomes: 

ZP j D j k l  W k  
k =  1 

where D“ a r e  t h e  elements  of t h e  m a t r i x  i n v e r s e  of D .  

I n  order  t o  develop t h e  d e t a i l e d  expres s ions  from t h e  measured 

components t h a t  en te r  t h e  above s o l u t i o n  w e  f i r s t  w r i t e  t h e  p o t e n t i a l  

of t h e  f i e l d  a s  

where r ,  8 ,  0 a r e  t h e  geocen t r i c  c o o r d i n a t e s ,  P: t h e  Schmidt normalized 

s p h e r i c a l  func t ions  and a ( =  6371 .2  km.)a s c a l e  f a c t o r  chosen a r b i t r a r i l y  

t o  be t h e  e a r t h ’ s  mean r a d i u s .  Taking F = -vV, t h e  components a r e  t h u s  
- 

n =  1 m =  0 
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n max 1 av - 
F+ - - - r s i n 0  - &z (:ri2 m(gz sinmg5-h: cosmq) P," ( 6 )  

m =  0 n =  1 

nmax 

F, - - - -  = (+yi2 ( n  + 1) 2 ( g z  cos mg5+ h," s inmq)  P z  (8) d r  
n =  1 m =  0 

For t h e  c a l c u l a t i o n  of t h e  P m and - w e  a$ go through a two-step 
;3pn,m 

ae  
n ae  

p r o c e s s  i n  which t h e  Gauss-Laplace f u n c t i o n s  Pn7m and - a r e  f i r s t  

e v a l u a t e d  from t h e  r e l a t i o n s :  

where 
(n- 1 ) 2  - m 2  

( 2 n -  1 ) ( 2 n -  3) 
Kn.m 

(Note t h a t  t h e  e v a l u a t i o n  of t h e  n = 1, m = 0 terms c o n s t i t u t e s  no 

problem u s i n g  t h e s e  r e l a t i o n s  i n  s p i t e  of t h e  f a c t  t h a t  P and 

ap-l,O 
a r e  undefined. I n  t h i s  case t h e  K1,O m u l t i p l i e r  i s  z e r o . )  a e  



-34- 

The Schmidt f u n c t i o n s  a r e  then  def ined  by mul t ip ly ing  by t h e  f a c t o r s  

Snym where 

and 
n - m + 1)J where J = 2 f o r  m = 1 

J = 1 f o r  m > 1 J' n + m  
Sn,m = Sn,m-l 

m m  
I n  t h e  eva lua t ion  of t h e  f i e l d  components from t h e  de r ived  gn, hn 

it  i s  gene ra l ly  more e f f i c i e n t  t o  m u l t i p l y  t h e  c o e f f i c i e n t s  by t h e  above 

f a c t o r s  once r a t h e r  than  t o  perform t h e  a d d i t i o n a l  n (n  + 3)  m u l t i p l i c a -  

t i o n s  f o r  the  e v a l u a t i o n  a t  each 8 .  (Cain e t  a l . ,  1 9 b 5 ) .  The r e s u l t i n g  

c o e f f i c i e n t s  gnym and hn'm a r e  a l s o  d i f f e r e n t  by convent ion from t h e  

m m  
gn n 

a r e  used d i r e c t l y  t h e  f i e l d  components should be c a l u c l a t e d  from +gV 

i n s t e a d  of -vV as  g iven  above. 

, h by a r e v e r s a l  of s i g n .  I f  t h e s e  "Gauss normalized" c o e f f i c i e n t s  

For  example 

P? = P l y o  = cos e 

Thus f o r  t h e  a x i a l  d i p o l e  a t  r = a 

- 0 F~ - - g l ( -  s i n  e> = g: s i n  e = - g1Y0sin 0 
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Since  f o r  t h e  e a r t h ’ s  f i e l d  g: < 0, t h e n  F g  < 0 f o r  a l l  0 < 8 < n .  

With t h e  except ion  of t h e  s a t e l l i t e  d a t a ,  a l l  of t h e  observed components 

Ci a r e  g iven  i n  a geode t i c  coord ina te  system. 

cor responding  va lues  of Co and t h e i r  d e r i v a t i v e s  r e l a t i v e  t o  t h e  c o e f f i -  

c i e n t s ,  we f i r s t  convert  from t h e  geodet ic  coord ina te s  h ( 1 a t i t u d e )  and 

h ( a 1 t i t u d e  above geoid)  t o  geocen t r i c  r a d i u s  r and t h e  c o l a t i t u d e  8 

func t ions ,  s i n e  and cosf3, a s  follows: 

For  t h e  computation of t h e  

- s i n  h 
C O S D  - 

i t ’  cos‘ A + s i n ’  A 

a‘ - (a‘ - b 4 )  s in’h  

) a’ - (a’ -b2)  s i n ’ h  
h + 2 ) / a ’ -  ( a 2 - b ’ )  s i n ’ h  + 

where 

h i a ’  - (a’ - b’) s in ’  A + a 2  
t ’  r 1’ 

I h - (a’ - b’) s i n 2 A  + b 2  I 
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and t h e  f a c t o r s  i nvo lv ing  t h e  e a r t h ' s  e q u a t o r i a l  r a d i u s  a and po la r  

r a d i u s  b a r e  c a l c u l a t e d  from t h e  va lue  a ( =  6378.165 km. and f l a t t e n i n g ,  

f ( =  (a - b ) / a  =1/298,25)from t h e  r e l a t i o n s  

f ,  = 1 - f  

ba = (a f , )2  

(a2 - ba)  = a 2 ( l  - f:) 

(a4 - b4)  = a 4 ( 1  - f;) 

The computed va lues  of t h e  o r d i n a r i l y  measured geode t i c  components 

of f i e l d  X(nor th) ,  Y ( e a s t ) ,  and Z ( v e r t i c a 1 )  a r e  then  g iven  from t h e  F 

c a l c u l a t e d  a t  t h e s e  geocen t r i c  p o s i t i o n s  by t h e  r o t a t i o n  

- - -  
X = F R(6) or  

- C O S  6 s i n  6 

where 6 = h + 0 - n/2 2 0 and t h e  t r i gonomet r i c  f u n c t i o n s  used a r e  

computed from 

s i n  6 = s i n  A s i n  e - cos h cos 8 

cos 6 = Ji7-s  
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The va lues  of t h e  o t h e r  components a r e  then  

H = ,,/Xa + Y" 

F = hJH" + Z" 

-1 
I = 2 t a n  [Z/(F i- H ) ]  

-1 <; < t a n  ?-? where - - 2 

The d e r i v a t i v e s  of t h e  measured or thogonal  components X , Y , Z  

r e l a t i v e  t o  t h e  c o e f f i c i e n t s  gi and hi i n  t h e  expansions 

h ( t )  = h, t h ,A t+hzAt2  = h i  ( a t ) '  

can be r e p r e s e n t e d  by t h e  d e r i v a t i v e s  of F m u l t i p l i e d  by t h e  r o t a t i o n  

R(6) and (At ) i .  That i s :  
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Consider ing t h e  equat ions  f o r  E, t h e  l a s t  ma t r ix  i s  seen  t o  be 

, 

/' -% cos mqt - -  a d  s inm+ 

m - -  

i a n+2 
so  t h a t  each of t h e  d e r i v a t i v e s  con ta ins  t h e  common terms ( A t )  (F) 

The remaining f a c t o r s  t h u s  become as f o l l o w s :  

. 

Component 

X 

x 

Y 

Y 

z 

2 

Parameter F a c t o r s  

1 ap s i n  m @ [;3e c o s 6  - (n + 1) P s i n  6 

(m/sin e )  s i n  m 

- (m/sin e) cos  m q5 

1 - cos  m @ [E s i n  6 + (n + 1 ) ~  cos 6 
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ac 
ap 

Thus t h e  p a r t i a l s  (- ) may be der ived  from t h e  above f a c t o r s  by 

m u l t i p l y i n g  by (~t)i(?)n+’. 

ac 
a p  

The p a r t i a l s  {-) f o r  t h e  o ther  measured components of t h e  

geomagnetic f i e l d  such as D ,  I ,  H ,  and F a r e  de r ived  from t h e  p r e v i o u s l y  

de r ived  p a r t i a l s  u s ing  t h e  fol lowing r e l a t i o n s :  

S ince  

t h e n  

from which 

and 

Likewise,  u s ing  t h e  r e l a t i o n s  

-1 
I = t a n  ( Z / H )  

H = , , / X 2 + Y 2  

and F = ,,/ X2 + Y2 + Z2 

w e  o b t a i n  t h e  express ions  
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from which t h e  a p p r o p r i a t e  p a r t i a l s  a re  e a s i l y  ob ta ined .  

I n  conclusion one should no te  t h a t  t h i s  fo rmula t ion  does not 

i n c l u d e  express ions  f o r  e x t e r n a l  t e rms .  A l s o ,  a l though i t  i s  developed 

t o  f i t  d a t a  taken i n  geode t i c  coord ina te s ,  a s impler  d e r i v a t i o n  i s  

p o s s i b l e  i f  t he  d a t a  could be r o t a t e d  i n t o  a g e o c e n t r i c  system. Th i s  

r o t a t i o n  was not a t tempted  h e r e  s i n c e  t h e r e  i s  such a l a r g e  f r a c t i o n  of 

t h e  t o t a l  da t a  f o r  which only  one component i s  g iven .  

I The t r a n s l a t i o n  of t h e s e  r e l a t i o n s  i n t o  an  o p e r a t i n g  computer 

program i s  not d i f f i c u l t  but  i t  should be noted t h a t  i f  c o r r e c t i o n s  

a r e  made on a l l  of t h e  c o e f f i c i e n t s  s imul taneous ly  t h e  number of computer 

co re  l o c a t i o n s  r e q u i r e d  i s  r a t h e r  l a r g e .  For  example, f o r  a maximum 

value  of n and m of 1 0  t h e  s i z e  of t h e  t r i a n g u l a r  a r r a y  f o r  D needed 

t o  c o r r e c t  on a l l  s i x  gi ,  hi i s  of t h e  order  of 66000. 

i n v e r t e d  t o  so lve  f o r  t h e  c o r r e c t i o n s  i t  i s  necessary  t o  use  f l o a t i n g  

j k  

S ince  D i s  

I po in t  word f r a c t i o n s  i n  excess  of 27  b ina ry  b i t s  f o r  a s u c c e s s f u l  i n v e r -  

s i o n  wi th  48 b i t s  an adequate  s i z e  t o  m a i n t a i n  a c c u r a c i e s  of +_ ly. 
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The main computation t i m e  f o r  t h e  c o r r e c t i o n s  i s  spent  on forming 

t h e  o r i g i n a l  ma t r ix  values  D and W f o r  each obse rva t ion .  The 
jk k 

computation of t h e  p a r t i a l s  (-) f o r  each obse rva t ion  and t h e  i n v e r -  

s i o n  of D r e q u i r e  only  a small f r a c t i o n  of t h e  t o t a l  t ime.  

ac 
3 P i  

j k  
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